and rabbits (Chang, 1955a, b; Motlik & Fulka, 1974) . Recently, the possibility of fertilization of ovarian oocytes in vitro has been described for man 436 . Niwa and M. C. Chang (Edwards, Bavister & Steptoe, 1969; Seitz, Rocha, Brackett & Mastroianni, 1971; Soupart & Morgenstern, 1973) , rabbits (Brackett, Mills & Jeitles, 1972; Thibault, 1973) , mice (Cross & Brinster, 1970; Iwamatsu & Chang, 1971 , 1972 and guinea-pigs (Yanagimachi, 1974) . So far as we are aware, there has been no study on the possibility of fertilization in vitro of rat oocytes at various times before ovulation.
Successful fertilization of rat eggs in vitro by spermatozoa recovered from the uterus (Miyamoto & Chang, 1973a, b) and by epididymal spermatozoa in a defined medium (Toyoda & Chang, 1974a, b) has been reported, and various conditions for the capacitation of rat spermatozoa and the fertilization of rat eggs in vitro have been defined (Niwa & Chang, 1973 . Since the eggs recovered from immature rats after superovulation can be fertilized in vitro more easily than those from mature rats (Niwa & Chang, 1973) , and since rat epididymal spermatozoa are more effectively capacitated by preincubation in a diluted than in a concentrated form (Niwa & Chang, 1974a) (Niwa & Chang, 1973; Toyoda & Chang, 1974a) . A small drop of the dense sperm mass was first introduced into 0-5 ml medium covered with warm paraffin oil (Saybolt, viscosity 125/135: Fisher Scientific Co.) in a tissue culture dish (35 10 mm: Falcon Plastics). The paraffin oil was previously equilibrated with 5% C02 in air. About 10 min after making this sperm suspension, 0-03 ml was placed in 0-4 ml of the same medium covered with paraffin oil. This diluted sperm suspension (0-4 to 1-3 106 spermatozoa/ml) was preincubated for 5 to 6 hr in a C02 incubator (5% C02 in air at 37°C) (Niwa & Chang, 1974a) . The composition and the method of preparation of the medium were the same as described by Toyoda & Chang (1974a Throughout these studies, the oocytes or eggs were mounted in toto, and were then fixed and stained with 0-25% lacmoid in 45% acetic acid (Chang, 1952 Oocytes collected at various times after injection of HCG were exposed to epididymal spermatozoa preincubated at a concentration of 0-4 to 0-9 106 spermatozoa/ml for 5£ to 6 hr and were examined 4 hr after exposure. Follicular cells were still attached to a high proportion of the oocytes when they were introduced into the sperm suspension. oocytes 6 to 10 hr after injection of HCG were penetrated 4 hr after being introduced into the sperm suspension. Of these penetrated oocytes, 50 to 100% had an enlarged sperm head in the vitellus (PI. 1, Fig. 1 
The follicular cells of ovarian oocytes collected at various times after injection of HCG were removed by treatment with 0·1% hyaluronidase. The oocytes were exposed to epididymal spermatozoa pre¬ incubated at a concentration of 0-5 to 1-3 106 spermatozoa/ml for 5 to 6 hr and were examined 4 hr after exposure. * This oocyte had a polar body and female chromatin with two male pronuclei and two fertilizing sperm tails.
transformed into a pronucleus (see PI. 1, Fig. 1 ). Only one oocyte exposed with¬ out injection of HCG had two pronuclei with two fertilizing sperm tails and a female chromatin mass with a polar body (PI. 1, Fig. 3 ). The progression of nuclear maturation of oocytes incubated with spermatozoa for 4 hr (Tables 2  and 3) Fig. 4 ), was higher in those oocytes exposed to spermatozoa 6 to 10 hr after injection of HCG (60 to 100%) than in those exposed at earlier times (9 to 40%). Fig. 7) . By contrast, fifty-nine (98%) of sixty oocytes exposed to spermatozoa 10 hr after injection of HCG were undergoing fertilization and all of them had normal male and female pronuclei.
To determine whether oocytes undergoing fertilization could accomplish the final stage of fertilization, twenty-five oocytes exposed to spermatozoa 10 hr after injection of HCG were transferred into fresh medium 4 hr later. When these oocytes were examined 32 hr after further incubation, twenty-four (96%) were at the pronuclear stage and nineteen (76%) of them were at the two-cell stage (PI. 1, Fig. 8 ).
The efficiency of the zona pellucida in blocking further entry of spermatozoa during oocyte maturation was examined by counting the number of spermatozoa inside each penetrated oocyte. As shown in Table 4 , the average number of spermatozoa in the penetrated oocytes was 1 to 2-5, and there was no correla¬ tion between the stage of oocyte maturation and the number of spermatozoa that had penetrated. Similarly, the number of spermatozoa in the polyspermic eggs was not affected by the age of the eggs (Table 4 ).
EXPLANATION OF PLATE 1
All the rat oocytes were photographed after being stained with lacmoid under a phasecontrast microscope with a 10 ocular and 40 objective. All magnifications 250 to 350. Fig. 1 . An oocyte recovered from the ovary 10 hr after injection of HCG, exposed to capacitated epididymal spermatozoa in the presence of follicular cells and examined 4 hr later. It had an enlarged sperm head (SH), fertilizing sperm tail, the second polar body (p2 ) and female condensed chromatin (FCC). The first polar body is out of focus. Fig. 2 . An oocyte recovered without injection of HCG, exposed to spermatozoa in the absence of follicular cells and examined 4 hr later. It had a condensed germinal vesicle (CGV) with two spermatozoa in the perivitelline space. The sperm heads (arrows) are still intact. An oocyte recovered without injection of HCG, exposed to spermatozoa in the absence of follicular cells for 4 hr and cultured for another 15 hr. It had small fragments of the cytoplasm and the sperm head (arrow) was condensed but had failed to form a pronucleus. Fig. 6. An oocyte recovered 4 hr after injection of HCG, exposed to spermatozoa in the absence of follicular cells for 4 hr and cultured for another 15 hr. The sperm head (arrow) looked like a spindle and its tail is out of focus (arrows). Fig. 7 . An oocyte recovered 4 hr after injection of HCG, exposed to spermatozoa in the absence of follicular cells for 4 hr and cultured for another 15 hr. It had condensed female chromatin (FCC) and a sperm tail (arrow) but no sperm head. Fig. 8 . An oocyte recovered 10 hr after injection of HCG, exposed to spermatozoa in the absence of follicular cells for 4 hr and cultured for another 32 hr. It cleaved normally with the second polar body (p2) and a fertilizing tail (arrow). Fig. 9 . An oocyte recovered without injection of HCG. It was cultured for 13 hr, exposed to capacitated epididymal spermatozoa and examined 12 hr later. It (arrow) failed to form a male pronucleus. Fig. 11 . An oocyte matured in culture, exposed to spermatozoa and examined 24 hr later, showing the metaphase of the first cleavage division, with fertilizing sperm tail (arrow) and some fragments of the cytoplasm. Fig. 12 . An oocyte matured in culture, exposed to spermatozoa and examined 24 hr later. This oocyte cleaved normally with a fertilizing sperm tail and polar bodies. Fig. 13 . An oocyte matured in culture, exposed to spermatozoa and examined 24 hr later showing uneven cleavage with dispersed nuclei. Fig. 14. An egg recovered from the oviduct 10 hr after ovulation, inseminated with capacitated epididymal spermatozoa, and examined 22 hr later. Showing the metaphase of the first cleavage (M) with a fertilizing sperm tail (arrow). Fig. 15 . A normally cleaved egg. It was recovered from the oviduct 10 hr after ovulation, exposed to spermatozoa and cultured for 22 hr. The fertilizing sperm tail (arrow) and the second polar body (p2) are visible. The nuclei of both blastomeres are at the same stage. Fig. 16 . A fragmented egg. It was recovered from the oviduct 20 hr after ovulation, exposed to spermatozoa and examined 22 hr later. A fertilizing sperm tail (arrow) is visible. Fig. 17 . An egg with dispersed nuclei. It was recovered 20 hr after ovulation, exposed to spermatozoa and examined 22 hr later. The fertilizing sperm tail (arrow) is out of focus. Fig. 18 . A cleaved egg with asynchronized nuclei. This egg was recovered 20 hr after ovulation, exposed to spermatozoa and examined 22 hr later.
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. Niwa and M. C. Chang cultured for 13 hr. From the results presented in Table 5 , it can be seen that a very high proportion of oocytes (65 to 100%) was at metaphase II or the chro¬ matin mass stage with the first polar body. This shows that nuclear maturation from the germinal vesicle stage to division of the first polar body could be completed in a defined medium.
Fertilization in vitro of rat oocytes matured in culture To determine whether the oocytes matured in culture could be penetrated and fertilized in vitro, the oocytes cultured for 13 hr were exposed to preincu¬ bated spermatozoa. After incubation for 12 hr, twenty-six (22%) out of 120 oocytes were penetrated and twenty-four (92%) were undergoing fertilization (Table 6 ). Of those undergoing fertilization, twenty-two (92%) had normal male and female pronuclei (PI. 1, Fig. 9 ), one (4%) had only a male pronucleus and one (4%) had an enlarged sperm head.
When the oocytes were examined 24 hr after exposure to spermatozoa, 18% of 120 oocytes were penetrated and all of them were undergoing fertiliza¬ tion. Of the twenty-one oocytes undergoing fertilization, nine (43%) had male and female pronuclei, six (29%) had only a male pronucleus, one (5%) had an enlarged sperm head (PI. 2, Fig. 10 ), and five (23%) were either at the meta¬ phase of the first cleavage (PI. 2, Fig. 11 Fig. 12 ).
Fertilization in vitro of rat eggs at various times after ovulation
The eggs recovered from oviducts at various times after injection of HCG were exposed to preincubated epididymal spermatozoa and examined 21^to 22| hr later. The eggs recovered 16 to 18^h r after injection of HCG were surrounded by compact cumulus oophorus. Those recovered 20 to 22^h r after injection of HCG were in a loose cumulus and a high proportion of eggs re¬ covered 24 to 32i hr after injection of HCG were free from cumulus. The results in Table 7 show that very high proportions of eggs (86 to 98%) recovered 16 to 32^h r after injection of HCG were penetrated. The proportions of eggs under¬ going normal fertilization were high (81 to 91%) when they were exposed to spermatozoa 4 to 12 hr after ovulation (16 to 24^h r after injection of HCG), but decreased sharply (2 to 11%) when they were exposed 16 to 20 hr after ovulation. Similarly, the proportion of fragmented or abnormal eggs after sperm penetration was also markedly increased when the eggs were exposed 16 to 20^h r after ovulation (Table 7) . The eggs undergoing normal fertilization or fertilized 2H to 22| hr after exposure to spermatozoa were at the pronuclear stage, at various stages of first cleavage (PL 2, Fig. 14) or at the two-cell stage (PI. 2, Fig. 15 ). Many of the eggs undergoing fertilization or fertilized when exposed to spermatozoa 14 to 20 hr after ovulation were either fragmented (PI. 2, Fig. 16 (Iwamatsu & Chang, 1972 Although the beneficial effect of cumulus cells on the maturation of oocytes in culture has been reported for human (Kennedy & Donahue, 1969) , rabbit, cow (Robertson & Baker, 1969) and mouse (Cross & Brinster, 1970) eggs, there is evidence that this may be dependent upon the energy sources used (Biggers, Whittingham & Donahue, 1967) . In the present study, rat oocytes matured in culture regardless of the presence or absence of follicular cells. This may have been due to the presence of pyruvate in the medium (Biggers et al., 1967) (Donahue & Stern, 1968) . Sperm penetration rates in the oocytes were lower in the presence than in the absence of follicular cells (Tables 2 and 3 ), but we are not sure whether the effect of follicular cells on the sperm penetration was due to a physical hindrance or due to chemical reactions.
It has been reported that when rat eggs were exposed in vitro to preincubated epididymal spermatozoa and examined 4 hr later, twenty-three (56%) of forty-one penetrated eggs were at the pronuclear stage (Niwa & Chang, 1974a Austin, 1961) and in mouse oocytes in vitro (Iwamatsu & Chang, 1972) . After break¬ down of the germinal vesicle, sperm penetration and fertilization was possible but the proportion of oocytes penetrated, undergoing fertilization and with normal male and female pronuclei increased gradually from the condensed germinal vesicle stage to metaphase II. This indicates that the maturation of ooplasm as a whole is of importance for normal fertilization, although the degree of nuclear maturation is a good indication of the maturation of the eggs (Chang, 1955a) .
The ability of the zona pellucida to block further sperm entry appeared to be weaker in mouse oocytes at certain stages before ovulation (Iwamatsu & Chang, 1971 , 1972 ). This was not confirmed in the present study because the average number of spermatozoa in the penetrated rat oocytes was not related to their stage of maturation at the time of exposure to spermatozoa (Table 4 ).
This may have been due to the low concentration of spermatozoa. We have also observed that rat oocytes introduced into a sperm suspension 2 hr before ovulation could accomplish the final stage of fertilization and cleaved into morphologically normal two-cell eggs.
Since the early demonstration that rabbit oocytes recovered from the ovary could mature in culture (Pincus & Enzmann, 1935; Chang, 1955a, b) , this has been confirmed in many species (Schuetz, 1969; Donahue, 1972; Biggers, 1973) . In the present study, oocytes with an intact germinal vesicle were able to mature to the stage of first polar body formation in a defined medium.
